ABSTRACT: This study evaluated effects of four uniquely applied beef carcass electrical stimulation (ES) treatments on USDA grade factors, muscle color, subprimal purge loss, cooked steak weight loss, and cooked steak tenderness. One side of each (n = 284) beef carcass was subjected to ES using one of four treatments (medium voltage for medium duration, MVMD; medium voltage for long duration, MVLD; high voltage for medium duration, HVMD; or high voltage for long duration, HVLD) and was compared to its corresponding non-ES control side. Electrical stimulation of beef sides was applied focusing on middle meats while preventing severe contraction of the round and chuck. From matched (ES and control) sides of 120 carcasses (10 each of Select, low Choice, and upper two-thirds of Choice in each of the four ES treatments), longissimus steaks (2.5 cm thick) were cooked and used for WarnerBratzler shear force (WBS) analysis. Mean marbling
Introduction
Inadequate tenderness and low overall palatability were among the "top 10 quality concerns" about beef provided in the aggregate responses of purveyors, retailers, restaurateurs, and packers in the 1995 National Beef Quality Audit . Additionally, tenderness and taste have been identified as the two primary drivers of consumers' purchases of beef (Savell et al., 1987; Miller et al., 1995) .
Use of high-voltage electrical stimulation (ES) increases the tenderness of beef longissimus steaks (Tatum et al., 1999; Eilers et al., 1996; Savell et al., 1978) . High-voltage ES has been used by some U.S. packers 1504 scores (n = 284) for stimulated sides did not differ (P = .923) from those for control sides within ES treatment classes. Mean values for CIE L*, a*, and b* of lean color (n = 284) were higher (P < .05) for MVMD, MVLD, HVMD, and HVLD treated sides than for the respective control sides. When WBS values for steaks were adjusted to an equal visual degree of doneness, WBS values (n = 120) were lower (P < .05) for ES treated sides than for control sides for all four types of ES application treatments. Treatment responses were not influenced by USDA Quality Grade group. For those carcasses for which the control sides had WBS values greater than 4.5 kg, matching sides treated with MVMD, MVLD, HVMD, or HVLD had WBS values less than 4.5 kg 50, 88, 60, and 75% of the time, respectively. Mean cooked steak weight loss (n = 120), adjusted to an equal visual degree of doneness, and mean purge loss (n = 24) did not differ with ES treatment.
since the 1970s, with no reports of concomitant beef quality problems (J. W. Savell, personal communication) . One U.S. beef packing company, though, has reported that there is an increase in fluid accumulation (purge) in vacuum-packaged subprimals, particularly in cuts from the round, when the entire carcass is subjected to high-voltage ES (C. Mostek, IBP, Inc., personal communication) . This study determined the effects of using high-voltage or medium-voltage ES of beef carcasses that was applied for either medium duration or long duration by excluding the round and chuck from the electrical stimulation circuit on 1) tenderness of the longissimus muscle, 2) USDA Quality Grade factors and lean color attributes of the longissimus muscle at the 12th/13th rib interface, and 3) fluid (purge) accumulation in vacuum-packaged inside rounds.
Materials and Methods
Carcass Selection and Stimulation Procedure. On each of three days, five scientists selected 80 to 100 beef carcasses from the normal commercial production population of the Monfort packing plant in Greeley, CO. One side of each carcass was subjected to one of four ES treatments on the transfer chain leading from the carcass wash cabinets to the chilling coolers, approximately 50 min after exsanguination. Alternating left/ right sides, selected carcasses were stimulated; four carcasses, one for each of the four treatments, were stimulated on the right side followed by four carcasses for which the left side was stimulated. To stimulate carcasses, the positive electrode was inserted into the carcass between the latissimus dorsi (rib cap muscle) adjacent the 2nd and 3rd rib, whereas the negative electrode was inserted into the biceps femoris adjacent to the sacrum (in the sirloin).
Electrical stimulation was performed at either medium voltage (MV) or high voltage (HV) and for either medium duration (MD) or long duration (LD) using the Stimulator 350 (Britt Rice Co., College Station, TX). Medium voltage involved using 100 V only, HV involved using both 100 and 300 V, MD consisted of 11 impulse cycles, and LD consisted of 16 impulse cycles. Four ES treatment applications were applied to carcasses: 1) 11 impulse cycles of 100 V (MVMD), 2) 16 impulse cycles of 100 V (MVLD), 3) 6 impulse cycles of 100 V plus 5 impulse cycles of 300 V (HVMD), or 4) 6 impulses of 100 V plus 10 impulse cycles of 300 V (HVLD). An impulse cycle consisted of 1 s on and 1 s off. For all treatments, the frequency of the electrical current was 60 Hz. Treatment with ES occurred sequentially such that one side of each carcass in a sequence of four carcasses was assigned, randomly, to one of the four ES treatment application groups. Electrical stimulation treatment was applied by adjusting the machine settings to the appropriate level and applying the appropriate number of impulse cycles to the carcass. Impulse cycles of 100 V were used at the start of all four treatments to minimize the severity of initial contraction of muscles and thus to prevent carcasses (and the trolleys from which they were suspended) from "jumping" from the rail. Test carcass sides were identified with individually numbered tags. The numbers were recorded and treatment applications were noted, but no indication of the treatment administered or notation of which side served as the negative control or which side served as the ES treated side was placed on the tags. Carcasses were then placed in chill coolers, at approximately 1°C, for 36 h.
Data Collection Procedures.
After the carcasses were chilled, ribbed, and officially graded, they were retained in an area with adequate working space and lighting for evaluation. Carcass yield and quality grade factors for each carcass side (treated and control) were evaluated by a trained Colorado State University scientist. The expert grader had no knowledge of treatment application or of which carcass sides were treated. Sex of the carcass and carcass grade factors were collected on all carcasses. Carcass grade factors collected included hot carcass weight; preliminary yield grade; longissimus muscle area; percentage kidney, pelvic, and heart fat; skeletal and lean maturity; marbling score; lean firmness scores; and lean texture scores. Marbling score, lean maturity, lean firmness, lean texture, lean color, longissimus muscle area, preliminary yield grade, and notation of dark cutting condition were determined for each side of each carcass, whereas skeletal maturity, hot carcass weight, adjusted yield grade, and percentage kidney, pelvic, and heart fat were determined for each whole carcass.
Lean color was evaluated for each carcass side using a portable spectrophotometer equipped with a 6-mm aperture (MiniScan XE; HunterLab Associates Laboratory, Reston, VA) following the standardization procedures as outlined for the spectrophotometer using black glass and instrument white tile. Color was measured in CIE L* (lightness: 100 represents white and 0 represents black), a* (redness-greenness: positive represents red and negative represents green), and b* (yellownessblueness: positive represents yellow and negative represents blue) reflectance values. Color was evaluated by obtaining three measurements per ribeye with the Miniscan, which were then averaged to obtain a mean value for L*, a*, and b* for each side of each carcass.
Steak Selection, Preparation, and Tenderness Determination. Seventy-two carcass sides per treatment were stimulated during the study, and the carcasses were assigned to quality grade groups based on the highest marbling score obtained for each carcass, using either the control or treated side (the highest of the two sides). From matched carcass sides, carcasses were selected to represent each of three quality grade groups: Select, low Choice, or upper two-thirds Choice. Ten carcasses from each of the three USDA Quality Grade groups by ES treatment groups (MVMD, MVLD, HVMD, HVLD) were selected randomly to provide steaks for evaluation of tenderness using Warner-Bratzler shear force analysis. Steaks (approximately 3.75 cm thick) from the longissimus muscle of 120 carcasses (240 total samples) were obtained at the 12th/13th rib interface. Steaks were then cut to 2.5 cm in thickness for subsequent Warner-Bratzler shear force determination.
Shear force values were determined for longissimus muscles obtained from each carcass side. Shear force was determined for steaks following a total postmortem aging period of 7 d under refrigerated conditions (5°C). After aging, steaks were frozen until shear force analysis was performed. Steaks were removed from the freezer and thawed for 24 h at 0°C before cooking. Steaks were then cooked on a Hobart Char Broiler (model CB 51, Hobart Corp., Troy OH) at a setting of 8 (surface temperature approximately 260°C). Each steak was turned at 4, 8, 12, and, if necessary, 16 min until it reached an internal temperature of 70°C, measured using a thermocouple. When each steak reached the desired temperature end point, it was cut in half and evaluated visually for degree of doneness. Shear force values were subsequently adjusted using visual degree of doneness as a covariate. The target internal temperature at completion of cooking was 70°C; visual degree of doneness scores were applied using The Meat Board Beef Steak Color Guide for Degree of Doneness (NLSMB, 1979) .
Steaks were weighed before and immediately after cooking to determine cooked steak weight loss. Cooked steak weight loss for each steak was adjusted using an analysis that incorporated visual degree of doneness scores as a covariate.
Following cooking, steaks were allowed to cool to ambient room temperature (∼ 20°C) and 6 to 10 1.25-cm cores were removed from each steak parallel to the muscle fiber orientation using a mechanical coring device. A single peak shear force measurement was obtained for each core using the Warner-Bratzler shear force machine; mean peak shear force was the average of the values required to shear the cores from each steak.
Purge Determination. One meat packing company has reported that ES subprimals from the round of USDA Select carcasses often have excessive moisture (purge) accumulation inside vacuum packages during storage (C. Mostek, personal communication). Although the round was excluded from the direct electrical circuit during application of ES treatments, purge accumulation in the vacuum package bag for ES vs control inside rounds was measured. USDA Select inside rounds from six carcasses per treatment were tagged and followed through fabrication and packaging (24 carcasses; 48 inside rounds). Boxed inside rounds were stored under refrigerated conditions for 3 d. Each inside round sample was assigned an attribute rating for purge accumulation using a 5-point scale (1 = dry, 2 = slight free purge, 3 = free purge, 4 = moderate free purge, and 5 = abundant free purge). After ratings were assigned, bags were opened and the weight of the liquid purge that had accumulated in the bag was measured by weighing the blotted inside rounds and blotted empty bags and subtracting those weights from the weight of the vacuum-sealed cuts before the bags were opened.
Statistical Analysis. Simple descriptive statistics
(means and standard deviations) were computed for all carcass traits collected from control sides and stratified by ES treatment and quality grade group to characterize sample population. Preliminary analyses showed that quality grade group and sex of carcass as well as interactions of these traits with ES treatment class had no effect (P > .05); therefore, data for steers and heifers as well as for all quality grade groups were pooled into ES treatment class for all analyses. Data were analyzed as a split plot design in a model with the whole carcass representing the whole plot and the treated carcass side and control side representing the split plots. The model was tested using the least squares, mixed model procedure of SAS (1996) and included carcass identification as a random variable. Data were analyzed to assess differences between the treated and control sides of carcasses as well as differences between treatments. Additionally, ES treatment was nested within the carcass identification to account for the random effect of individual carcasses. To correct for the effects of visual degree of doneness, a covariate analysis was conducted using visual degree of doneness as a covariate in the analysis of Warner-Bratzler shear force (SAS, 1996) . Visual degree of doneness was a significant (P < .05) covariate for Warner-Bratzler shear values and cooked Carcass Quality Grade Attributes. Mean scores for marbling, lean maturity, and final quality grade by treatment subclass and differences between treated and control carcass sides for marbling, lean maturity, and final USDA Quality Grade in each ES treatment group are presented in Table 2 . Lean maturity scores were lower as a result of ES application (P < .05). Although lean maturity scores improved with all ES treatments, they did not improve more within one treatment than within the other treatments (P > .05). Carcasses also were evaluated for lean firmness and lean texture of the longissimus muscle at the 12th/13th rib interface. Lean firmness and lean texture did not differ between treated and control carcass sides (P > .05).
Longissimus Muscle Color Attributes. Mean CIE L*, a*, and b* values for ES sides and the differences between treated and control sides by treatment are presented in Table 3 . The longissimus muscles of EStreated sides were brighter, redder, and less blue than the longissimus muscles of control sides (P < .05). Treatment comparisons for L*, a*, or b* were not significant (P > .05).
Tenderness. The mean shear force value for each steak was adjusted to a common visual cooked degree of doneness using analysis of covariance. With only one exception (MVMD treated carcasses in the Select quality subclass), mean visual degree of doneness scores reflected a cooking end point of 70°C or below, and there was no apparent bias in degree of doneness between steaks from treated and control sides. Adjusted shear force values for steaks from ES sides were lower (P < .05) than those for steaks from control sides ( Table  4) . The interaction between ES treatment and USDA Quality Grade subgroup on differences between control and ES shear force values was not significant (P > .05). Additionally, although the treatments resulted in lower shear force values compared to the controls, these effects did not differ among the four ES treatments (P > .05). Shackelford et al. (1991) established threshold values for consumer desirability of beef steak tenderness as measured by Warner-Bratzler shear force values at 3.9 kg for beef in the foodservice sector and at 4.5 kg for beef in the supermarket sector. Based on these threshold Table 3 . Mean values for CIE L*, a*, and b* color attributes and mean differences for color attributes by electrical stimulation treatment (n = 284) values, the percentage improvement in the frequency distribution within each ES treatment subclass was computed (Table 5) . Table 5 indicates the number of control steaks and ES-treated steaks greater than 3.9 kg and 4.5 kg and the percentage of control steaks in which ES resulted in reduced Warner-Bratzler shear force beneath the threshold values. The resulting percentages of steaks with ES-treated shear force values of less than 3.9 and 4.5 kg indicated that beef became more acceptable in tenderness with the use of ES in comparison to the control steaks within each treatment.
Cooked Steak Weight Loss and Purge. Adjusted cooked steak weight loss percentages did not differ between control and treated steaks for any of the ES treatment subclasses (P > .05) ( Table 6) . Mean values for actual purge loss and for visual purge scores are presented in Table 7 . Actual purge loss did not differ between control and treated sides for any of the ES treatment subclasses (P > .05). Visual purge scores were in general agreement with actual purge losses.
Discussion
Numerous studies have been conducted on the effects of electrical stimulation on carcass quality characteristics as well as tenderness attributes. Results from this study indicated that ES generated carcasses with more youthful lean maturity scores and more desirable lean color (P < .05). These findings were supported by other studies (Savell et al., 1978; McKeith et al., 1981; Tatum et al., 1999) that reported that application of ES resulted in more youthful lean, more desirable overall maturity scores, and improved lean color compared with control sides. Electrical stimulation also resulted in improved tenderness or improved Warner-Bratzler shear force values, as supported by other studies (Savell et al., 1978; Eilers et al., 1996; Tatum et al., 1999) .
Although we did not find differences in purge accumulation or cooking loss when comparing stimulated and control sides, others have reported such differences. den Hertog-Meischke et al. (1997) reported an increase in drip loss in semimembranosus muscles from ES carcasses that had been stored for 7 d at 2°C. Savell et al. (1978) reported that ES strip loins aged 7 d had a higher cooking loss than control strip loins aged 7 d. These differences in findings may be attributed to the novel ES technique used to electrically stimulate the carcasses; the entire carcass was stimulated in the other studies. Differences in findings may also be attributed to a storage time of 3 d vs a storage time of 7 d in other reported studies.
Implications
The Beef Industry Long Range Task Force of the National Cattlemen's Beef Association set a goal in Visual purge scores: 1 = dry, 2 = slight free purge, 3 = free purge, 4 = moderate free purge, and 5 = abundant free purge. c Diff: difference from the control for the given trait = treated mean minus control mean.
1998 of "reducing consumer dissatisfaction due to variability in eating quality (especially tenderness) by 50% by the year 2005." In an effort to realize that goal, a unique approach to applying electrical stimulation was used and found to be effective in improving the tenderness of strip loin steaks aged for 14 d.
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